[1] I show that the latest series of climate models reproduce the observed mid-depth Southern Ocean warming since the 1950s if they include time-varying changes in anthropogenic greenhouse gases, sulphate aerosols and volcanic aerosols in the Earth's atmosphere. The remarkable agreement between observations and state-of-the art climate models suggests significant human influence on Southern Ocean temperatures. I also show that climate models that do not include volcanic aerosols produce mid-depth Southern Ocean warming that is nearly double that produced by climate models that do include volcanic aerosols. This implies that the full effect of human-induced warming of the Southern Ocean may yet to be realized.
Introduction
[2] Most of the heating of the Earth system since the 1950s is in the World Ocean , and this heating has in turn contributed significantly to global sea-level rise through thermal expansion . Further, recent climate model investigations have substantially strengthened the case that human activities are behind the warming of the World Ocean [e.g., Barnett et al., 2005; Delworth et al., 2005; Pierce et al., 2006] . Yet despite these scientific advances significant challenges remain [Hegerl and Bindoff, 2005] , not the least of which concerns identifying the cause of the mid-depth Southern Ocean warming observed over the same time period [Gille, 2002] .
[3] The Southern Ocean is critical to the global climate yet detailed analyses have been hitherto hampered by the limited number of measurements available [Wong et al., 2001; Barnett et al., 2001; Hegerl and Bindoff, 2005] . A recent, and novel, examination [Gille, 2002] of historic shipboard measurements collected since 1930 and Autonomous Lagrangian Circulation Explorer (ALACE) float measurements collected during the 1990s has shown that the Southern Ocean in the 700 to 1100 m depth range has heated nearly twice as rapidly as the upper 1000 m of the World Ocean as a whole [Levitus et al., 2000] . Using the latest series of climate model experiments I will show that this mid-depth Southern Ocean warming is likely due to human influence. I will also describe compensating cooling from volcanic eruptions occurring during, and well before, the latter half of the 20th century.
Data and Methodology

Observations
[4] The data used in this investigation are those previously described by Gille [2002] . The previous study compared a large number of mid-depth observations collected during the 1990s by ALACE floats with historic shipboard measurements going back to 1930. Specifically, the ALACE float temperature measurements were paired with geographically nearby (i.e. within 220 km) historic shipboard profiles, and average differences over 700 to 1100 m depth computed (for a total of over 439,000 differences). It is important to note that this layer was not chosen on the basis of unusual temperature changes there, but rather because the original ALACE floats were not designed to profile and so the temperature data that they returned was only at their drift depth, i.e. between 700 and 1100 meters. A detailed discussion on the instrumental and sampling errors involved in the analysis is given by Gille [2002] . Figure 1 shows the mid-depth temperature trends so computed, where the hydrography from 1930 to 1989 was used with a minimum of 10 years separating the float and hydrographic measurements. There is general warming in the southern part of the domain. Averaging from 35°S to 65°S yields a mean warming rate of 0.004°± 0.001°C/year. There is also general cooling in the northern part of the domain. In an upcoming analysis combining profiling ALACE floats and Argo floats it will be shown that the new profiling data do not strongly suggest the cooling in the northern part of the domain; however, they do imply that 90% of the long-term warming in the Southern Hemisphere has occurred poleward of 30°S, and that this pattern of warming is consistent with a poleward displacement of the Antarctic Circumpolar Current (Sarah Gille, personal communication, 2006) .
Climate Model Experiments
[5] To assess the possible causes of the Southern Ocean warming seen in Figure 1 I use a subset of climate model experiments performed in support of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC). Six of the climate models used involved timevarying changes in external forcings, including anthropogenic greenhouse gases, sulphate aerosols and volcanic aerosols. The official model names are: GFDL-CM2-0 (3), GFDL-CM2-1 (3), MIROC3-2-MEDRES (3), MIUB-ECHO-G (3), MRI-CGCM2-3-2A (5) and GISS-E-R (3). The number of independent realizations analyzed in this study are shown in parentheses. Three additional climate models used in this study included time-varying changes in anthropogenic greenhouse gases and sulphate aerosols but not time-varying changes in volcanic aerosols. The official names of these models are: CCCMA-CGCM3-1 (5), CNRM-CM3 (1) and GISS-AOM (2). Additionally, as a control I analyzed 750 years of output from the CCCMA-CGCM3-1 climate model run without any time-varying external forcing.
[6] The climate models considered in this study span a wide range of spatial resolutions in their ocean components; from 4°longitude, 5°latitude and 20 vertical levels in the case of the GISS-E-R climate model, to 1°longitude, 1°l atitude and 50 vertical levels in the case of the GFDL-CM2-0 climate model. Model features and experimental configurations are summarized at: http://www-pcmdi.llnl.gov/ipcc/ about_ipcc.php. Archived monthly mean temperature fields were interpolated onto a common 1°longitude, 1°latitude and 100 m depth grid. As near as possible, the re-gridded model fields were paired, vertically-averaged and differenced as the ALACE/hydrography data were in the earlier study [Gille, 2002] .
Results
[7] Figure 2 (solid red dots) shows the observed 700 to 1100 m depth Southern Ocean temperature changes relative to the 1990s averaged from 35°S to 65°S (as in Figure 2a of Gille [2002] ). As shown by Gille [2002] there is large spatial sampling uncertainty in the 1940s because of the few observations collected then, as well as large uncertainty in the 1990s because many 1990s hydrographic measurements had not yet entered the analysis. Despite these uncertainties there is a highly statistically significant mean warming of 0.17°± 0.06°C between the 1950s and the 1980s. I now consider to what extent this mid-depth Southern Ocean warming is due to human influence.
[8] Figure 2 (solid blue dots) shows the Southern Ocean temperature changes obtained from the set of climate model experiments involving time-varying changes in external forcings, including anthropogenic greenhouse gases, sulphate aerosols and volcanic aerosols. The error bars on the simulated mean values represent the 2s sampling variability between the models. Importantly, the observed and simulated mid-depth Southern Ocean warming is remarkably similar on a decade-by-decade basis since the 1930s. This is strong evidence for the observed Southern Ocean warming being due to human influence.
[9] Figure 2 (grey bars) shows the sampling uncertainty derived from 10 non-overlapping 71-year samples from the CCCma model simulation with no changes in external forcing. Assuming that the grey bars are a reasonable estimate for the observed unforced internal variability (which, of course, is unavailable) the conclusion is that natural internal variation is not likely the cause of the observed warming (i.e. since the grey bars do not overlap the red dots). A more conservative estimate results from scaling the grey bars by the ratio of the observed to simulated spatial sampling variability (both of which are available). All of the model simulations considered in this study yield a ratio of observed to simulated spatial sampling variability of around 2 (i.e. the models underestimate the observed spatial sampling variability by about 50%). The underestimate is perhaps not too surprising given that the models do not resolve mesoscale ocean dynamics. The conservative estimate doubles the height of the grey bars in Figure 2 yet still leads to the conclusion that natural internal variation is not likely the cause of the observed warming (in that the scaled grey bars still do not overlap the red dots Figure 2 (open blue dots) shows the Southern Ocean temperature changes obtained from the set of climate model experiments involving time-varying changes in anthropogenic greenhouse gases and sulphate aerosols but not timevarying changes in volcanic aerosols. In these experiments the mid-depth Southern Ocean warming is much larger than those experiments where time-varying changes in volcanic aerosols are included. For example, when the forcing due to volcanic eruptions is excluded the warming since the 1950s is nearly doubled from 0.15°C to 0.27°C. This suggests that the human influence on the Southern Ocean temperature is Figure 1 . Mid-depth temperature trends computed from ALACE/hydrography differences bin-averaged in 5°long-itude by 5°latitude squares (following Gille [2002] ). The ALACE/hydrographic pairs were used if the hydrographic measurements were collected after 1930, and were separated by at least 10 years in time and by less than 220 km in space. Latitude circles start at 30°S and are spaced at 10°intervals. Averaging from 35°S to 65°S yields a mean warming rate of 0.004°± 0.001°C/year, which is nearly double the rate of change in the upper 1000 m of the World Ocean as a whole [Levitus et al., 2000] . . It should be noted that the models with time-varying changes in volcanic aerosols are not the same models without time-varying changes in volcanic aerosols. Given differing climate sensitivities this opens the possibility that the latter set of models show a larger Southern Ocean temperature response not because of the lack of volcanic aerosol cooling but because of higher Southern Ocean temperature sensitivity to anthropogenic CO 2 increase. While I cannot rule out this possibility I can say that to my knowledge there is no evidence in the existing literature to suggest that as a group the latter set of models is biased high in terms of climate sensitivity or rate of oceanic heat uptake.
[11] I now consider the vertical structure of the simulated warming. Figure 3 shows the linear trend patterns of annualmean (1930 to 2000) and zonal-mean temperature obtained from the climate model experiments with volcanic aerosols (Figure 3 , left) and without volcanic aerosols (Figure 3,  right) . The penetration of the anthropogenic warming signal is much less extensive in those climate model experiments with volcanic aerosols than those without volcanic aerosols. It is surprising how far south and how deep into the Southern Ocean the masking effect of the volcanic aerosols extends.
[12] Finally, I consider the temporal evolution with depth of the Southern Ocean warming obtained from the set of climate model experiments which include time-varying changes in volcanic aerosols. Figure 4 shows the zonallyaveraged temperature change evolution (relative to pre-1883 values) averaged over 10°latitude bands, with the most northerly band shown in the top panel and most southerly band shown in the bottom panel. Also indicated are the times of two major eruptions, one occurring well before our period of interest (i.e. Krakatoa [10°S, 105°E] in 1883), and one occurring during our period of interest (i.e. Agung [8°S, 115°E] in 1963). The cooling effect of these volcanic eruptions with depth is evident in all the latitude bands, including the most southerly band from 50°S to 60°S. In short, in-period and out-of-period volcanic eruptions are seen to have a detectable cooling influence extending deep into the Southern Ocean, and far away from the source region of the volcanic aerosols. It is noted that cooling from some Northern Hemisphere volcanic eruptions such as El Chichon and Mount Pinatubo are seen quite clearly in some, but not all, of the model simulations (not shown).
Summary and Discussion
[13] I have show that the latest series of climate models reproduce the observed mid-depth Southern Ocean warming since the 1950s if they include time-varying changes in anthropogenic greenhouse gases, sulphate aerosols and volcanic aerosols in the Earth's atmosphere. The remarkable agreement between observations and state-of-the art climate models suggests significant human influence on Southern Ocean temperatures. I have also shown that climate models that do not include volcanic aerosols produce mid-depth Southern Ocean warming that is nearly double that produced by climate models that do include volcanic aerosols. This implies that the full effect of human-induced warming of the Southern Ocean may yet to be realized.
[14] Related research concerns the role of poleward intensifying winds in Southern Ocean climate change. It has been previously shown that these climate models show a remarkably consistent strengthening and poleward shifting of zonal wind stress and zonal ocean circulation through the 20th century [Fyfe and Saenko, 2006] . In research to be detailed elsewhere we investigate the role of these wind stress changes on the mid-depth Southern Ocean warming. Figure 5 shows the temperature trend pattern obtained from the University of Victoria Earth System Climate Model (UVic ESCM) [Weaver et al., 2001] driven at the surface with the IPCC climate model-mean wind stress. In this experiment no time-varying changes in external forcings are included. The experiment suggests that wind stress changes enhance the penetration of the anthropogenic warming signal south of about 40°S, and inhibit the penetration to the north. A similar, but less definitive, result was obtained in a previous study where an idealized zonal wind stress shift was applied in an ocean-only numerical model [Oke and England, 2004] .
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